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(57) ABSTRACT 

The ability of the visual system to detect contrast in an 
image is a function of the frequency of the contrasting 
pattern and the distortion of the image. The visual system is 
more sensitive to contrasting patterns of loWer frequency. 
When the image is signi?cantly distorted, the visual system 
is even more sensitive to loWer frequencies than higher 
frequencies. An image encoder employs lossy data compres 
sion processes producing a distorted reconstructed image. A 
method of quantizing image data including the step of 
varying the magnitude of a quantization step as a function of 
the distortion of an image is disclosed for further visually 
optimizing image quantization. Another method utilizes 
distortion adaptive Weighting to vary the limit of code block 
truncation during embedded bitstream coding to visually 
optimize image compression by increasing relative lossiness 
of compression at higher frequencies. 
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DISTORTION-ADAPTIVE VISUAL FREQUENCY 
WEIGHTING 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a division of application Ser. 
No. 09/687,727, ?led Oct. 12, 2000. 

BACKGROUND OF THE INVENTION 

[0002] The present invention relates to image compression 
and, more particularly, a method of distortion adaptive 
frequency Weighting for image compression. 

[0003] Communication systems are used to transmit infor 
mation generated by a source to some destination for con 
sumption by an information sink. Source coding or data 
compression is a process of encoding the output of an 
information source into a format that reduces the quantity of 
data that must be transmitted or stored by the communica 
tion system. Data compression may be accomplished by 
lossless or lossy methods or a combination thereof. The 
objective of lossy compression is the elimination of the more 
redundant and irrelevant data in the information obtained 
from the source. 

[0004] Video includes temporally redundant data in the 
similarities betWeen the successive images of the video 
sequence and spatially redundant data in the similarities 
betWeen pixels and patterns of pixels Within the individual 
images of the sequence. Temporally redundant data may be 
reduced by identifying similarities betWeen successive 
images and using these similarities and an earlier image to 
predict later images. Spatially redundant data is character 
iZed by the similarity of pixels in ?at areas or the presence 
of dominant frequencies in patterned areas of an image. 
Reduction of spatially redundant data is typically accom 
plished by the steps of transformation, quantiZation, and 
entropy coding of the image data. Transformation converts 
the original image signal into a plurality of transform 
coef?cients Which more ef?ciently represent the image for 
the subsequent quantiZation and entropy coding phases. 
FolloWing transformation, the transform coef?cients are 
mapped to a limited number of possible data values or 
quantiZed. The quantiZed data is further compressed by 
lossless entropy coding Where shorter codes are used to 
describe more frequently occurring data symbols or 
sequences of symbols. 

[0005] Quantization is a lossy process and a signi?cant 
part of the overall compression of video data is the result of 
discarding data during quantiZation. The underlying basis 
for lossy compression is the assumption that some of the 
data is irrelevant and can be discarded Without unduly 
effecting the perceived quality of the reconstructed image. In 
fact, due to the characteristics of the human visual system 
(HVS) a large portion of the data representing visual infor 
mation is irrelevant to the visual system and can be dis 
carded Without exceeding the threshold of human visual 
perception. As the lossiness of the compression process is 
increased, more data are discarded reducing the data to be 
stored or transmitted but increasing the differences betWeen 
the original image and the image after compression or the 
distortion of the image and the likelihood that the distortion 
Will be visually perceptible and objectionable. 
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[0006] One measure of human visual perception is con 
trast sensitivity Which expresses the limits of visibility of 
loW contrast patterns. Contrast is the difference in intensity 
betWeen tWo points of a visual pattern. Visual sensitivity to 
contrast is affected by the vieWing distance, the illumination 
level, and, because of the limited number of photoreceptors 
in the eye, the spatial frequency of the contrasting pattern. 
Contrast sensitivity is established by increasing the ampli 
tude of a test frequency basis function until the contrast 
reaches a “just noticeable difference” (JND) Where humans 
can detect the signal under the speci?c vieWing conditions. 
As illustrated in FIG. 1, a plot of the JND produces a 
contrast sensitivity function (CSF) 10 expressing human 
visual contrast sensitivity as a function of the spatial fre 
quency of the visual stimulus for speci?c vieWing condi 
tions. Since human eyes are less sensitive to high frequency 
patterns, high frequency components of an image can be 
quantiZed more coarsely than loW frequency components or 
discarded With less impact on human perception of the 
image. 
[0007] Frequency Weighting is a commonly used tech 
nique for visually optimiZing data compression in both 
discrete cosine transform (DCT) and Wavelet-based image 
compression systems to take advantage of the contrast 
sensitivity function (CSF). CSF frequency Weighting has 
been used to scale the coef?cients produced by transforma 
tion before application of uniform quantiZation. On the other 
hand, CSF frequency Weighting may be applied to produce 
quantiZation steps of varying siZes Which are applied to the 
different frequency bands making up the image. In a third 
technique, CSF frequency Weighting may be used to control 
the order in Which sub-bitstreams originating from different 
frequency bands are assembled into a ?nal embedded bit 
stream. The CSF has been assumed to be single valued for 
speci?c vieWing conditions. HoWever, the CSF is deter 
mined under near visually lossless conditions and observa 
tion indicates that the contrast sensitivity of the human 
visual system is affected by image distortion Which is, in 
turn, inversely impacted by data compression ef?ciency. 
What is desired therefore, is a method of improved visual 
optimiZation of image data source coding useful at the loW 
data rates of systems employing high efficiency data com 
pression. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] FIG. 1 is an exemplary graph of the contrast 
sensitivity function (CSF). 
[0009] FIG. 2 is a block diagram of an image communi 
cation system. 

[0010] FIG. 3 is a graphic illustration of the quantiZer 
steps of an image quantiZer and quantiZation of an exem 
plary transform coef?cient. 

[0011] FIG. 4 is a graphic illustration of a basis function 
for a Wavelet transform. 

[0012] FIG. 5 is a graph of a distortion Weighting func 
tion. 

[0013] FIG. 6 is a schematic diagram of Wavelet com 
pression and the assembly of an embedded bitstream. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

[0014] Referring to FIG. 2, in a communication system 20 
information originating at a source 22 is transmitted to a 
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consuming destination or sink 24. To reduce the quantity of 
data to be transmitted or stored and the rate of data transfer 
required of the communication system 20, the data output by 
the source 22 may ?rst be compressed by a source encoder 
26. Source encoders typically apply lossless and lossy 
processes to reduce the quantity of data obtained from the 
source 22. For example, if the source 22 output is a video 
sequence comprising a succession of substantially identical 
frames, the quantity of transmitted data and the rate of data 
transmission can be substantially reduced by transmitting a 
reference frame and the differences betWeen the reference 
frame and succeeding frames. The output of the source 
encoder 26 is input to a channel encoder 28 that adds 
redundancy to the data stream so that errors resulting from 
transmission 30 can be detected or corrected at the channel 
decoder 32 at the destination. The source decoder 34 
reverses the source encoding processes With, for example 
entropy decoding 33, dequantiZation 35, and inverse trans 
formation 37, to reconstruct the original information output 
by the source 22 for consumption by the information sink 
24. If the source encoding includes a lossy compression 
process, some of the information output by the source 22 is 
discarded during source coding and output of the source 
decoder 34 Will be an approximation of the original infor 
mation. If the original information obtained from the source 
22 Was an image, the reconstructed image Will be a distorted 
version of the original. 

[0015] The quantity of data required to digitally describe 
images is so great that digital imaging and digital video 
Would be impractical for many applications Without lossy 
data compression. An objective of the digital video source 
encoder 26 is the reduction of temporally redundant infor 
mation betWeen successive images of the video sequence 
and spatially redundant information Within the individual 
images of the sequence. Within the source encoder 26, the 
video sequence is subject to transformation 36, quantiZation 
38, and entropy encoding 40. In the transformation module 
36, the spatial domain signal describing an image is con 
verted to a plurality of transform coef?cients by the appli 
cation of a reversible transform. The resulting array of 
transform coef?cients describe the amplitudes of the con 
stituent frequencies making up the image data. The discrete 
cosine transform (DCT) and Wavelet transforms are com 
monly used for coding the spatial data of individual images, 
referred to as intra-frame coding or intra-coding. The dif 
ferences betWeen successive images are also isolated in the 
source encoder 26 and transformation is applied to the data 
representing those differences or residual data. Transforma 
tion is a lossless process. LikeWise, entropy encoding 40 in 
the source encoder 26 is a lossless process. Entropy coding 
typically involves run length, variable length, arithmetic 
encoding to compress the quantiZed data. While entropy 
encoding reduces the quantity of data, the compression is 
insuf?cient for most image and video applications. 

[0016] Most of the data compression is the result of 
discarding image data during quantiZation or the mapping of 
the transformed image data to a limited number of possible 
data values in a quantiZer 38. Transform coef?cients 42 
produced by transformation 36 are input to the quantiZer 38 
and quantiZation indices 44 are output and sent to the 
entropy encoder 40. Referring to FIG. 3, an exemplary 
transform coef?cient 60 is input to an exemplary quantiZer 
38 having a uniform quantiZer step siZe 64 (WQ) Where W is 
a Weighting factor that may be used to adjust the magnitude 
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of the quantiZer step. For example, the quantiZer step siZe 
may be adjusted as a function of the frequency of the image 
signal component represented by the input transform coef 
?cient 60 to take advantage of the contrast sensitivity 
function (CSF). Weighting factors can be stored in a quan 
tiZation table 46. In addition to the midpoint uniform thresh 
old quantiZer illustrated in FIG. 3, quantiZers incorporating, 
by Way of example, non-uniform step siZes, a dead Zone, and 
an output index at the centroid of the step are also used for 
video encoding. 

[0017] In the quantiZer 38, the value of the transform 
coef?cient 60 is compared to the values Within the limits or 
bounds of the various quantiZer steps and, in the case of the 
midpoint uniform threshold quantiZer, the value of the 
midpoint of the quantiZer step range having bounds brack 
eting the input transform coef?cient 60 is output as the 
corresponding quantiZer index 62. Quantization is a lossy 
process in Which data that more precisely describes a 
transform coef?cient is discarded to produce the correspond 
ing quantiZation index 44. The quantity of data discarded 
during quantiZation depends upon the number of levels and, 
therefore, the step siZes 64 available in the quantiZer 38 to 
describe inputs betWeen the minimum and maximum trans 
form coef?cients. As the magnitude of the steps 64 (WQ) 
increase, more data are discarded, increasing the compres 
sion ef?ciency and reducing the data rate, but making the 
reconstructed image an increasingly rougher approximation 
or more distorted copy of the original. 

[0018] An additional function of the quantiZer 38 is rate 
control for the encoder. Most communication systems 
require a relatively constant data rate. On the other hand, 
video source encoding has an inherently variable data rate 
because of the differences in quantities of data encoded for 
inter-coded and intra-coded images. To control the data rate 
and avoid failing the system, the output of the quantiZer 38 
may stored temporarily in a buffer 48. The quantity of data 
in the buffer 48 is fed back 50 to the quantiZer 38. As the 
buffer 48 ?lls and empties, the magnitudes of the quantiZa 
tion steps are increased or decreased, respectively, causing 
more or less data, respectively, to be discarded. As a result, 
the data rate at the output of the quantiZer 38 is varied so the 
buffer 48 does not over?oW or under?oW causing a loss of 
data. 

[0019] For Wavelet based compression, data reduction 
may also be accomplished by controlling the order in Which 
sub-bitstreams originating in the various frequency sub 
bands are assembled into the ?nal embedded bitstream. 
Referring to FIG. 6, in a Wavelet compression process an 
image 100 is decomposed by ?ltering and subsampling into 
a plurality of frequency sub-bands 102 for each of a plurality 
of resolution levels. FolloWing transformation, the resulting 
Wavelet coef?cients are quantiZed or mapped to quantiZer 
indices representing a range of coefficients included Within 
a plurality of quantiZer steps. Differing types of quantiZers 
may be used, for example, the J PEG 2000 standard speci?es 
a uniform scalar quantiZer With a ?xed dead band about the 
origin. Quantization With this quantiZer is accomplished by 
dividing each Wavelet coef?cient by the magnitude of the 
quantiZation step and rounding doWn. The result is a mul 
tiple digit quantiZation index for each code block 104, a 
fundamental spatial division of the sub-band for entropy 
coding purposes. Each sub-band may be considered to be a 
sequence of binary arrays comprising one digit or bit 105 
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from each quantization index known as bitplanes. The ?rst 
bitplane 106 comprises the array of the most signi?cant bit 
(MSB) of all the quantization indices for the code blocks of 
the sub-band. The second bitplane 108 comprises the array 
of the neXt most signi?cant bit and so forth With the ?nal 
bitplane 110 comprising the least signi?cant bits (LSB) of 
the indices. The bit stream is encoded by scanning the values 
of the bits making up the successive bitplanes. As each 
bitplane is scanned, more information (the neXt most sig 
ni?cant digit of each code block) is coded for the code block. 
On the other hand, the encoder may stop coding at any time, 
discarding the information represented by the less signi?cant 
bitplanes that Were not encoded. Quality layers can be 
encoded in the embedded bitstream by altering the limits of 
the truncation to be applied to the data of the various 
bitplanes. 
[0020] Discarding data increases the compression ef? 
ciency but distorts the image as the differences or error 
betWeen original and reconstructed piXels increase. On the 
other hand, limitations of the human visual system (HVS) 
make it possible to discard some data With little or no effect 
on the perceived quality of the image. Further, the charac 
teristics of the HVS makes the impact on perceived quality 
resulting from discarding certain image data more important 
than the impact produced by discarding other image data. 

[0021] Visual optimiZation of the source encoding process 
eXploits the perceptual characteristics of the vision system to 
balance perceived image quality against data rate reduction 
resulting from compression. FIG. 1 illustrates the contrast 
sensitivity function eXpressing a relationship betWeen con 
trast sensitivity and spatial frequency. Contrast sensitivity 
measures the limits of visibility for loW contrast patterns and 
is a function of the vieWing distance, the illumination level, 
and spatial frequency of the contrasting pattern. The contrast 
sensitivity function is established by increasing the ampli 
tude of sinusoidal basis functions of differing frequencies 
until the contrast betWeen the maXimum and minimum of 
the amplitude of each basis function reaches a just notice 
able difference (JND) threshold of human visibility When 
vieWed under speci?c conditions. Since human eyes are less 
sensitive to high frequency signals, high frequency compo 
nents of an image can be more coarsely quantiZed or 
discarded With little impact on human perception of the 
image. 
[0022] One technique for exploiting the contrast sensitiv 
ity of the human visual system is frequency Weighting of the 
step siZe of the quantiZer 38. The quanitZer step siZe is 
Weighted by altering the Weighting factor (W) for the appro 
priate quantiZer step 64. The quantiZation step siZe may be 
Weighted for the effect of the contrast sensitivity function 
(CSF) by altering the Weighting (W), (Where W=1/Wi) of the 
quantiZtion step 64 and Wi equals: 

Wi=k/Ti 

[0023] Where: 

[0024] Wi=the CSF Weighting factor 

[0025] Ti=the contrast detection threshold for the ith 
frequency 

[0026] k=a constant normaliZation factor. 

[0027] Contrast sensitivity Weighting can also be accom 
plished by Weighting the transform coef?cients 42 input to 
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the quantiZer. LikeWise, frequency Weighting may be 
accomplished by using a Weighting factor to vary the 
number of bits encoded for the code blocks of the sub-bands 
representing the various frequency components of the 
image. 
[0028] HoWever, observation of the output of video sys 
tems led the current inventor to the conclusion that in 
addition to spatial frequency, vieWing distance, and illumi 
nation, the contrast sensitivity of the human visual system is 
also sensitive to the distortion of the image. Under a 
condition of signi?cant distortion associated With loW sys 
tem bit rates, the human visual system is relatively less 
sensitive to high frequency errors and more sensitive to 
errors in loWer frequency image components than it is under 
the near visually lossless conditions under Which the con 
trast sensitivity function is established. Therefore, as the 
data rate decreases and distortion increases, increasing the 
lossiness of compression at higher frequencies relative to the 
lossiness at loWer frequencies improve the perceived image 
quality. 
[0029] The CSF is established under near visually lossless 
conditions Where the distortion signal is small With a mag 
nitude on the order of the detection threshold for all fre 
quencies. HoWever, for loW system data rates the distortion 
signal is typically large as a result of discarding signi?cant 
portions of the image data in the quantiZer 38. As a result, 
as the system data rate decreases the distortion signal 
becomes increasingly visible. FIG. 4 illustrates an eXem 
plary effective basis distortion function 80 for a Wavelet 
based compression process. The effective basis distortion 
function 80 is the product of a basis function fi(X) With unit 
peak-to-mean amplitude for the ith sub-band and a distortion 

(di) normaliZed With respect to the detection threshold for the basis function at the ith sub-band frequency. The 

effective basis distortion function is de?ned as: 

= 0, otherwise 

[0030] Portions of the effective basis distortion function 
80 exceeding the normaliZed visibility detection threshold 
(l/d) 82 are visible. As the distortion increases, side lobes 84 
of the original basis function become visible as the absolute 
value of the product of the distortion and basis function 86 
eXceeds the level of detection 82. The side lobes 84 become 
increasingly visible as the frequency of the basis function 
decreases. 

[0031] To compensate for the increased visibility of the 
side lobes 84 of the basis function at loW frequencies and 
loW bit rates, the contrast sensitivity function Weighting is 
adjusted as folloWs: 

wg=wi2ti 

[0032] Where: 

[0033] Wi‘=adjusted contrast sensitivity Weighting 

[0034] Wi=contrast sensitivity function Weighting 

[0035] )\.=lOW bit rate compensation factor 

[0036] i=ith frequency sub-band 
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[0037] and Where: 

[0038] OépéOO, When di>1 

[0039] )»(di)=1, When di<1 

[0040] As illustrated in FIG. 5, if the distortion, the 
peak-to-mean amplitude of the distortion of each basis 

function, is less than the frequency detection threshold (that is, di, is less than 1) no compensation 90 is made for the 

potential perceptibility of the side lobes of the basis func 
tions. On the other hand, if the peak-to-mean amplitude of 
the basis function is greater than the threshold (Ti), then the 
portion of the basis function having an amplitude greater 
than the threshold Ti Will contribute to visual distortion and 
compensation is applied. As a result, compensation is com 
mon constant 90 for all frequencies beloW the distortion 
threshold 94 (dié 1). For distortion above the threshold 94 
compensation is applied With compensation converging at a 
maximum value 96 

[0041] The distortion adaptive visual frequency Weighting 
adjusts the frequency Weighting for the contrast sensitivity 
function on the basis of the instant normaliZed peak-to-mean 
amplitude of the distortion signal. Distortion adaptive visual 
frequency Weighting can be applied to vary the relative siZes 
of the quantiZer steps to be applied to transform coefficients 
representing higher and loWer frequency components of the 
image. The range of transform coef?cients betWeen upper 
and loWer limits de?ning the quantiZer step is decreased for 
loWer frequencies, relative to the range of transform coef 
?cients included in a quantiZer step to Which higher fre 
quencies are mapped, as the distortion of the image 
increases. In the alternative, the relative siZes of quantiZer 
steps can be varied if the distortion increases beyond a 
threshold distortion. Since the distortion increases as the 
data rate decreases, distortion adaptive frequency Weighting 
can be responsive to data rate or to changes in data rate 
beyond a threshold rate of change. Likewise, the value of the 
transform coefficient before quantiZation can be adjusted in 
response to distortion. In a third technique, distortion adap 
tive visual frequency Weighting can be applied during the 
embedded coding process to, for example, control the bit 
stream ordering for quality layers or to establish a maximum 
amount of adjustment or a most aggressive Weighting to 
apply in very loW bit rate encoding. Distortion adaptive 
visual frequency Weighting can also be applied to non 
embedded coding at very loW bit rates. Weighting tables 
incorporating the compensation factor can be established to 
produce a target visually normaliZed distortion. 

[0042] All the references cited herein are incorporated by 
reference. 

[0043] The terms and expressions that have been 
employed in the foregoing speci?cation are used as terms of 
description and not of limitation, and there is no intention, 
in the use of such terms and expressions, of excluding 
equivalents of the features shoWn and described or portions 
thereof, it being recogniZed that the scope of the invention 
is de?ned and limited only by the claims that folloW. 
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The invention claimed is: 
1. A method of quantiZing image data comprising the 

steps of: 

(a) transforming an image datum to a datum transform 
coef?cient; 

(b) measuring a distortion of an image; 

(c) as a function of said distortion of said image, varying 
a range of a plurality of transform coef?cients included 
betWeen a loWer frequency limit and a higher frequency 
limit of a quantiZation step; 

(d) identifying a quantiZation step comprising a range of 
transform coefficients inclusive of said datum trans 
form coef?cient; and 

(e) substituting for said datum transform coef?cient a 
quantiZer index representing said transform coefficients 
of said range included in said quantiZer step. 

2. The method of claim 1 Wherein the step of varying said 
range of transform coef?cients as a function of a distortion 
of said image data comprises the step of decreasing said 
range included in a ?rst quantiZer step comprising loWer 
frequency transform coef?cients relative to a range included 
in a second quantiZer step comprising higher frequency 
transform coef?cients as said distortion of said image 
increases. 

3. The method of claim 1 Wherein the step of varying said 
range of transform coef?cients as a function of a distortion 
of said image data comprises the step of decreasing said 
range included in a quantiZer step comprising loWer fre 
quency transform coefficients relative to a range included in 
a second quantiZer step comprising higher frequency trans 
form coef?cients if said distortion of said image exceeds a 
threshold distortion. 

4. The method of claim 1 Wherein the step of varying said 
range of transform coef?cients as a function of a distortion 
of said image data comprises the step of decreasing said 
range included in a quantiZer step comprising loWer fre 
quency transform coefficients relative to a range included in 
a second quantiZer step comprising higher frequency trans 
form coef?cients if a peak-to-mean amplitude of said dis 
tortion at least equals a frequency detection threshold of a 
basis function. 

5. The method of claim 1 Wherein the step of varying said 
range of transform coef?cients as a function of a distortion 
of said image data comprises the step of decreasing said 
range included in a ?rst quantiZer step comprising loWer 
frequency transform coef?cients relative to a range included 
in a second quantiZer step comprising higher frequency 
transform coef?cients as a data rate decreases. 

6. The method of claim 1 Wherein the step of varying said 
range of transform coef?cients as a function of a distortion 
of said image data comprises the step of decreasing said 
range included in a ?rst quantiZer step comprising loWer 
frequency transform coef?cients relative to a range included 
in a second quantiZer step comprising higher frequency 
transform coef?cients a decrease in a data rate exceeds a 
threshold decrease. 

7. A data quantiZer for an image source encoder compris 
mg: 

(a) a comparator for comparing a transform coefficient to 
limits bounding a quantiZer step; 
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(b) a Weighting element to decrease a separation of said 
limits of a quantiZer step to be applied to a transform 
coef?cient representing a loWer frequency component 
of said image data relative to a separation of said limits 
of a quantiZer step to be applied to a transform coef 
?cient representing a higher frequency component of 
said image data. 

8. The apparatus of claim 7 Wherein a separation of said 
limits of said quantiZer step to be applied to a transform 
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coef?cient representing a loWer frequency component of 
said image data is relatively less than a separation of said 
limits of said quantiZer step to be applied to a transform 
coef?cient representing a higher frequency component of 
said image data. 


